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A series of O,O-dialkyl N,N-dialkyl phosphoramidates (1–25) were analyzed under GC-EIMS
conditions. Clear-cut differences are found in the fragmentation of O,O-dialkyl N,N-dimethyl
phosphoramidates (Series 1) and O,O-dimethyl N,N-dialkyl phosphoramidates (Series 2). The
phosphoramidates comprising of mixed/crossed alkyl groups on nitrogen and oxygen (Series
3) showed mixed fragmentation pattern corresponding to both Series 1 and 2 depending on the
nature of alkyl groups. All the possible isomers among the studied compounds showed
distinguishable EI mass spectra. Although the major ions in the EI mass spectra for the isomers
containing O-n-propyl or O-isopropyl and N,N-diethyl or N-isopropyl N-methyl are similar,
the isomers could be distinguished by characteristic ions of low abundance at low mass region.
The differences are prominent in the metastable ion spectra of characteristic ions. (J Am Soc
Mass Spectrom 2004, 15, 547–557) © 2004 American Society for Mass SpectrometryThe organophosphonates and phosphoramidatesare some of the toxic substances that are com-monly used as pesticides and chemical warfare
agents (CWA). In view of major concerns regarding the
toxicity of these compounds and alleged use of the
CWA [1], there is a need for the development of
innovative analytical methods for specific detection and
identification of these compounds in different environ-
mental and biological matrices at trace levels. Number
of methods are reported in the literature regarding the
analysis of chemical warfare agents by mass spectral
techniques and gas chromatographic techniques with
element-specific detectors such as NPD, FPD etc. [2–14].
Electron impact (EI) ionization is extensively used for
the verification of many chemical warfare agents be-
cause of its high sensitivity. The EI mass spectra of
many chemical warfare agents and their degradation
products are available in the data base compiled by the
Organization for the Prohibition of Chemical Weapons
(OPCW), The Netherlands, and in other commercial
library databases. Capillary column gas chromato-
graphs equipped with mass selective detectors (GC/
MSD) in EI and chemical ionization (CI) modes are
widely used for the unambiguous identification of
compounds present in different environmental matrices
[2–14]. Recently, we reported the mass spectral analysis
of N,N-dialkyl aminoethanols that are precursors for
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The EI mass spectra of diethyl and dimethyl N,N-
methylphosphoramidates are reported in literature [3,
10] and the EI mass spectra for some of the phosphor-
amidates are available in the OPCW and other commer-
cial mass spectral library databases. However, to the
best of our knowledge, no detailed investigation on the
mass spectral fragmentation of these compounds is
available in the literature. Herein we report the results
of a detailed study on the EI mass spectral behavior of
twenty-five phosphoramidates. The study is also fo-
cused on the differentiation of isomeric compounds.
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Materials
All phosphoramidates used in the present study were
synthesized in-house by reported methods [16–18]. The
compounds were characterized by infrared and 1H
nuclear magnetic resonance spectroscopy. Chemicals
and solvents used for the synthesis were purchased
from Sd-Fine Chemicals (Mumbai, India). Analytical
grade solvents for chromatographic and mass spectro-
metric analysis were obtained from E-Merck (Mumbai,
India).
Mass Spectral Analysis
The GC-MS analyses were performed using an Agilent
6890 GC (Agilent Technologies, Palo Alto, CA)
equipped with a model 5973N mass selective detector
and a HP-5 MS capillary column of length 30 m, 250 m
i.d. and 0.25 m film thickness, was used. The column
oven was programmed initially from 50 °C with 2 min
hold up time to the final temperature of 280 °C with 10
°C/min ramp. The final temperature hold-up time was
Table 1. Partial EI mass spectra of Series-1 compoundsa
Comp
no.
Ion, m/z (
M a b c d e
1 181 (13) 44 (100) 136 (4) 108 (20) 153 (5) -
2 209 (2) 44 (100) 150 (5) 108 (36) 167 (1) 125 (
3 209 (8) 44 (100) 150 (9) 108 (27) 167 (4) 125 (
4 237 (1) 44 (49) 164 (2) 108 (26) 181 (1) 125 (
aThe contribution from isotopic peaks are not subtracted.
Table 2. Partial EI mass spectra of Series-2 compoundsa
Comp
no.
Ion, m/z (
M j k l m n
5 153 (23) 44 (100) 109 (35) - - -
6 181 (11) 72 (12) 109 (40) 166 (100) 136 (15) 108
7 181 (5) 72 (6) 109 (42) 152 (100) 122 (29) -
8 181 (2) 72 (8) 109 (24) 166 (100) 136 (3) -
9 209 (3) 100 (4) 109 (22) 180 (100) 150 (3) 108
aThe contribution from isotopic peaks are not subtracted.3 min. Helium was used as carrier gas in constant flow
mode at a flow rate of 1.2 ml/min. The inlet and
GC/MS interface temperatures were kept at 280 °C. The
samples were introduced in splitless injection mode.
The temperatures of the EI source and quadrupole
analyzer were kept at 230 °C and 150 °C, respectively.
The MS was scanned from m/z 20 to 600 for all GC-MS
experiments.
Collision induced dissociation (CID) spectra were
recorded using a VG Autospec mass spectrometer
(Manchester, UK) equipped with an OPUS V3.IX data
system, using a dedicated EI source. The source condi-
tions for electron impact were: Accelerating voltage 7
kV, electron energy 70 eV, trap current 200 A and
source temperature 250 °C. Spectra were acquired using
the data system with a scan time of 3 s/decade and 0.5 s
interscan delay. All the samples are introduced through
a septum reservoir inlet at 200 °C. CID fragment ion
spectra were measured using the linked scan technique
at constant B/E under computer control, with helium as
the collision gas admitted into the first field-free region
so that the main beam transmission was reduced to
20–30% of its original intensity. Parent-ion spectra were
ve abundance %)
f g h i Other ions
- - 152 (4) 124 (26) 138 (3), 110 (7), 82 (6),
81 (4), 65 (2), 43 (10),
42 (14)
168 (23) 126 (75) 166 (2) 124 (30) 110 (5), 83 (5), 82 (3),
45 (12), 43 (17),
42 (12), 41 (11)
168 (4) 126 (16) 166 (3) 124 (22) 152 (5), 110 (3), 59 (3),
45 (10), 43 (20),
42 (11), 41 (9)
182 (21) 126 (100) 180 (1) 124 (16) 152 (2), 110 (3), 83 (3),
57 (3), 45 (6), 43 (5),
42 (6), 41 (9)
ve abundance %)
o p q r Other ions
- - 138 (6) 122 (18) 110 (10), 95 (6), 80 (8),
79 (12), 43 (8), 42 (18)
- 138 (31) 152 (11) 150 (11) 120 (5), 93 (3), 79 (9),
56 (6), 44 (5), 42 (7)
- - 138 (2) 150 (1) 166 (1), 111 (5),
108 (3), 93 (3), 79 (7),
72 (6), 42 (6)
134 (22) - 138 (2) 150 (3) 108 (7), 93 (4), 79 (6),
72 (8), 56 (25), 42 (7)
- 138 (48) 166 (4) 178 (1) 152 (5), 79 (5), 70 (3),
56 (2), 43 (5), 42 (6),
41 (6)relati
10)
55)
9)relati
(17)
(13)
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B2/E. Mass analyzed ion-kinetic energy (MIKE) spectra
were acquired under similar conditions and the colli-
sion gas admitted into the third field-free region.
Results and Discussion
The phosphoramidates are listed as Schedule 2B chem-
icals of the Chemical Weapons Convention (CWC) and
are also the by-products in the synthesis of nerve agent
Tabun (ethyl dimethylphosphoramidocyanidate). Their
presence in the environmental matrices such as soil,
water, oil etc. indicates the alleged production and
usage of Tabun-like compounds. These chemicals are
freely soluble in organic solvents and sparingly soluble
in water. They can be extracted from the matrices using
polar hydrophobic solvents like CH2Cl2, CHCl3 etc.,
and analyzed by GC/MS using EI and CI techniques for
unambiguous identification. We have analyzed twenty-
five phosphoramidates under GC-EIMS conditions. The
molecular structures for the studied compounds are
given in Scheme 1. Most of the compounds studied
were pure (98%) and few compounds with minor
impurities (5%) were well resolved during GC-MS
analysis to provide clean EI mass spectra. The EI mass
spectra of phosphoramidates show extensive fragmen-
tation following a characteristic pathway. The knowl-
edge on this fragmentation facilitates the identification
Table 3. Partial EI mass spectra of Series-3 compounds
Comp
no.
Relative abundance (%)
M s t u v w x y z a b c
10 14 23 98 38 100 35 -a 11 9 -b 5 8
13 4 18 52 26 100 15 1 2 1 2 1 6
14 4 14 85 32 100 - - 13 6 - -c
15 2 8 47 22 100 - - 1 2 - 1 3
16 1 5 14 13 100 - - 1 1 - 1 4
17 1 9 44 19 100 - - 1 2 - 1 4
18 2 12 87 31 100 - - 2 1 - 1 2
19 1 9 50 18 100 - - 2 2 - - 3
21 1 8 51 19 100 - - 1 - - - 3
22 3 8 100 29 42 44 8 11 8 -d -c
23 2 8 90 34 100 41 -a 3 7 8 1 2
24 1 3 19 15 100 23 -a 1 2 7 1 4
25 2 8 93 28 100 35 1 2 5 4 1 2
Ion coincides awith ion u’, b with z’, c with t’, d with y’, e with a’, f wof the structures of the chemicals. The EI mass spectral
data of all phosphoramidates studied here are pre-
sented in Tables 1, 2, and 3. The EI mass spectra show
the presence of molecular ions and distinguishable
fragment ions for most of the phosphoramidates stud-
ied. For the convenience of discussion, the compounds
analyzed are grouped into three series. The O,O-di-
alkyl, N,N-dimethyl phosphoramidates (1–4) are con-
sidered as Series-1, O,O-dimethyl, N,N-di-alkyl phos-
phoramidates (5–9) as Series-2, and O,O-dialkyl, N,N-
dialkyl phoshoramidates (10–25) as Series-3.
Scheme 2
Other ions m/z (relative
abundance) e f g h i
4 5 14 - - 5 120 (4), 92 (7), 81 (8), 56 (7),
44 (11), 42 (9)
1 2 14 7 9 2 92 (3), 80 (3), 57 (4), 56 (4), 44 (5),
42 (3), 41 (6)
- 3 -d - - - 94 (5), 81 (7), 44 (20), 43 (12),
42 (19)
- 3 7 1 1 - 106 (4), 94 (4), 44 (10), 43 (12),
42 (9), 41 (9)
- 4 6 - - - 106 (5), 94 (3), 44 (8), 43 (10),
42 (8), 41 (7)
- 1 5 1 2 - 112 (4), 94 (4), 57 (3), 44 (8), 43 (5),
42 (6), 41 (8)
- 4 6 - - - 178 (1), 120 (16), 110 (4), 94 (12),
81 (5), 58 (7), 56 (14), 42 (9)
- 4 9 1 1 - 120 (8), 112 (3), 110 (3), 94 (12),
56 (9), 43 (11), 42 (9), 41 (11)
- 2 4 1 1 - 120 (7), 112 (5), 110 (3), 94 (11),
56 (7), 41 (7)
2 2 -d - - 1 124 (2), 110 (44), 92 (3), 81 (5),
70 (4), 58 (3), 56 (3), 43 (7), 42 (6),
41 (8)
7 3 -e - 1 -f 124 (4), 70 (4), 58 (3), 56 (3),
43 (12), 42 (5), 41 (11)
4 4 -e - - -f 124 (2), 70 (3), 58 (2), 56 (2),
43 (11), 42 (4), 41 (8)
6 2 6 1 1 1 124 (4), 70 (3), 57 (3), 43 (5), 42 (3),
41 (10)
n b’. d
1
1
-a
-a 1
ith io
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(Series 1)
The compounds in this series show relatively less
fragmentation when compared to the other two series.
The EI mass spectra for Compounds 1–4 are presented
in Table 1. The EI fragmentation process in O,O,
-dialkyl N,N-dimethyl phosphoramidates (1–4) is
summarized in Scheme 2, as supported by metastable
ion spectra. All the compounds in this series, except
4, show ion at m/z 44 (a) as the base peak. The ion a
is diagnostic to N,N-dimethyl phosphoramidates,
and resulted from the molecular ion by the simple
cleavage of phosphoramide bond between P and N
leaving the charge on nitrogen. The [M  OR] ion
(b) and ion c (m/z 108) resulting from the loss of an
alkene from ion b are observed in all the cases.
Sequential loss of alkyl radicals from molecular ion is
found in the case of higher alkyl group containing
compounds, and the resulting ions are of low abun-
dance. Loss of an alkene moiety by the McLafferty
rearrangement [19] process involving the alkoxy
Figure 1. Parent-ion spectrum of the ion at m/z 124 from Com-
pound 1.
Figure 2. MIKE-CID daughter ion spectrum of (a) ion at m/z 152,
(b) ion at m/z 153 from Compound 1.group leads to prominent ion d in Compounds 1 and
3. The ion d is negligible in 2 and 4. However, loss of
an alkene molecule from ion d leads to ion e in
Compounds 2–4. In the case of higher alkyl group
containing compounds (2 and 4), the [McLafferty  1]
rearrangement process [19] is prominent resulting in
ion f, and elimination of an alkene from ion f gives
ion g in the spectra (base peak in 4). Loss of water
molecule from g leads to ion c.
The ion at m/z 124 (i) is characteristically found in all
the compounds (1–4) though it is not abundant. The
parent ion spectrum of ion i from Compound 1 shows
[M  R] ion (h) as the major precursor and the
molecular ion as the other precursor (Figure 1). The
formation of the ion i from the ion h is further
confirmed by the MIKE-CID spectrum of ion h from
Compound 1 wherein the loss of alkene is the dom-
inant process (Figure 2). The possibility of formation
of ion i from ion d is less favorable as reflected in the
MIKE-CID spectrum of ion d from Compound 1
(Figure 2). The feasibility for the formation of [M 
R] from the molecular ion is attributed to the initial
[1, 4] hydrogen migration from methyl group on
nitrogen to oxygen of the alkoxy group (Scheme 3).
Such kind of radical elimination involving hydrogen
migration is known in the literature [20].
Scheme 3
Scheme 4
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(Series 2)
The Series 2 compounds (5–9) show fragmentation
pattern (Scheme 4) different from those of the Series 1
(1–4) and 3 (10–25) compounds. The EIMS data for these
compounds are presented in Table 2. The cleavage of
phosphoramide bond in molecular ion is observed in all
the cases, and unlike Series 1 and 3 compounds the
charge is retained on both possible fragments j and k.
The ion k appearing at m/z 109 is found to be charac-
Figure 3. Parent-ion spectrum of the ion at m/z 134 from Com-
pound 8.
Figure 4. Daughter-ion spectra of the ion at m/z 166 from (a)teristic for O,O-dimethyl phosphoramidates studied.
The relative abundance of ion k is higher than that of
ion j, except in Compound 5 wherein the ion j is the
base peak in the spectrum. All the compounds contain-
ing higher alkyl groups [R CH3] on nitrogen show the
-cleavage [15] fragment ion (l) as the base peak.
Further elimination of CH2O from the ion l by the
McLafferty type rearrangement leading to ion m is
characteristically found in all the compounds (6–9)
(Scheme 4). The formation of ion m from ion l is
confirmed by the parent ion scan of ion m (spectrum not
shown). Further, an alkene loss from the alkyl group
present on nitrogen from both ions l and m, resulting in
ions p and n, respectively, is observed in Compounds 6
and 9.
Other fragment ions that are diagnostically found
Scheme 5Compound 7, (b) Compound 8. Scheme 6
552 REDDY ET AL. J Am Soc Mass Spectrom 2004, 15, 547–557only in Series 2 compounds are the ions q and r. The ion
q corresponds to [M  R] where R is the heavier alkyl
group present on nitrogen, and the ion r is formed by
the simple elimination of OCH3 radical from the molec-
ular ion. Among the Series 2 compounds, Compound 8
shows a characteristic fragment ion at m/z 134 (ion o).
The parent ion spectrum of ion o shows the ion at m/z
166 (ion l) as the major precursor (Figure 3). The
formation of ion o from ion l is further confirmed by the
CID spectrum of ion l. The product ion spectra of ion l
from 7 and 8 clearly reflect the difference, wherein the
ethyl loss is dominant in 7 and CH3OH loss is dominant
in 8 (Figure 4). The formation of ion o in Compound 8
may be explained by an initial - hydrogen migration in
ion l followed by CH3OH elimination (Scheme 5).
Such kind of alcohol elimination from [M  CH3]

ion is not observed in other phosphoramidates contain-
ing N-isopropyl groups (18–21), instead an alkene loss
is observed from the higher alkyl groups present.
O,O-Dialkyl N,N-Dialkyl Phosphoramidates
(Series 3)
Compounds of this series show more fragmentation,
but follow a regular pathway. The general fragmenta-
Figure 5. EI mass spectra of (a) Compound 11, (b) Compound 12,
and (c) Compound 20.tion pattern of this series of compounds (10–25) is
presented in Scheme 6 and their EIMS data summarized
in Table 3. The EI spectra for Compounds 11, 12 and 20
are given in Figure 5. In general, the fragmentation
pattern in Series 3 compounds resembles both Series 1
and Series 2 compounds, depending on the size and
nature of alkyl groups present on both nitrogen and
oxygen. The simple cleavage of phosphoramide bond is
found in all the cases, and the charge is always retained
on the nitrogen containing fragment (s) as found in
Series 1 compounds. Loss of an alkyl radical from one of
the alkyl groups, preferably the higher alkyl chain
present on nitrogen by -cleavage process leads to
fragment ion t, as observed in the case of Series 2
compounds. However, further sequential elimination of
alkene from alkyl groups present on oxygen giving rise
to the ions u and v is observed in all Series 3 com-
pounds (Scheme 6). The ion v is found to be the base
peak in all the compounds except in 22. Alkene loss
from ions v and t involving the other alkyl group
present on nitrogen resulting in the formation of ions w
and x, respectively, is observed in the case of 10–13 and
22–25. The expulsion of OCnH2n (n 2) moiety from ion
t is also found in all the cases (ion y, Scheme 6) as
similarly found in Series 2. But, in some cases the m/z
value of ion y is coinciding with other fragment ions.
Further, the elimination of an alkene from ion y involv-
ing the alkyl group present either on oxygen or nitrogen
(ions z and a in Scheme 6) is found in compounds
having the alkyl group other than methyl group.
All the Series 3 compounds show [M  R] (b) and
[M  R-alkene] (c) ions involving the alkyl groups on
oxygen as depicted in the case of Series 1 compounds
(Scheme 3). Loss of another alkene from the ion c
giving rise to ion d can be seen in the case of com-
pounds 10–13 and 22–25. Similarly, elimination of an
alkoxy radical from the molecular ion followed by an
alkene loss from another alkyl group on oxygen result-
ing in the ions e and f are observed in all the EI spectra
of Series-3 compounds, as found in Series 1. The frag-
ment ions resulted by McLafferty rearrangement as
found in Series 1 compounds, are not observed in this
series of compounds. However, the fragment ions re-
sulting by [McLafferty  1] rearrangement (ion g)
followed by an alkene loss (ion h) are observed in the
case of 11, 13, 15, 17, 19, 21, and 25. The elimination of
an alkyl group (ion i), preferably the heavier one
present on nitrogen is found in Compounds 10–13 and
22–25, as observed in Series 2 compounds.
Differentiation of Isomeric Compounds
The isomerism among the studied phosphoramidates
(1–25) is exclusively due to size and structure of alkyl
groups attached to both oxygen and nitrogen (structural
isomers). Table 4 represents Compounds 1–25 listed
based on increasing order of their molecular weight and
their retention time in gas chromatography. One com-
pound may be isomeric to another in one of three
553J Am Soc Mass Spectrom 2004, 15, 547–557 O,O-DIALKYL N,N-DIALKYL PHOSPHORAMIDATESdifferent ways; (1) having difference in the structure of
alky group (e.g., n-propyl or isopropyl) attached to
nitrogen or oxygen, (2) having a set of alkyl groups
present on oxygen in one isomer and on nitrogen in
another isomer and vice versa (crossed alkyl groups),
and (3) having different size of alkyl groups randomly
between nitrogen and oxygen leading to same molecu-
lar formulae (mixed alkyl groups). There are four, six,
eight, and five compounds with molecular weight of
181, 209, 237 and 265, respectively (Table 4). Statisti-
cally, 6, 15, 28, and 10 isomeric pairs (a total of 59) are
possible in this group of isomers possessing molecular
weight 181, 209, 237, and 265, respectively (Table 4).
Among these, 44 isomeric pairs have alkyl groups of
different size and structure (mixed or crossed alkyl
groups), and hence, can be easily differentiated from
one another because their EI fragmentation pattern is
totally influenced by the alkyl groups present leading to
distinct EI mass spectra. Usually, the isomers having
isomeric alkyl groups such as n-propyl or isopropyl, are
difficult to distinguish from each other. In the present
study, there are few such isomeric pairs (10) that differ
by the presence of n-propyl or isopropyl on nitrogen or
oxygen. The five isomeric pairs where n-propyl or
isopropyl is attached to nitrogen (7,8; 14,18; 15,19; 16,20;
and 17,21) can be easily differentiated by their initial EI
fragmentation due -cleavage process. The selective
Table 4. The isometric compounds among Compounds 1–25 an
Mol.
wt.
Compound
no.
Series
(fragmentation
pattern)
153 5 2
181 1 1
8 2
6 1
7 2
209 3 1
18 3
10 3
14 3
2 1
9 2
237 20 3
12 3
16 3
22 3
19 3
11 3
15 3
4 1
265 24 3
23 3
21 3
13 3
17 3
293 25 3loss of ethyl radical from molecular ion is observed in
n-propyl containing isomers (7 and 14–17) whereas
iso-propyl containing isomers (8, 18–21) lose a methyl
radical from molecular ion by the initial -cleavage
process. The difference (14 Da) due to ethyl and methyl
radical loss is also reflected between isomers in subse-
quent fragmentation of -cleavage product ion as gen-
eralized in Schemes 4 and 6.
However, the five isomeric pairs in which one iso-
mer has O,O-di-n-propyl and the other has O,O-di-
isopropyl show resemblance in their EI spectra. Simi-
larly, another set of five isomeric pairs consisting N,N-
diethyl group or N-isopropyl N-methyl group also
result in almost similar spectra. These typical isomeric
pairs are discussed below in detail.
O,O-Di-n-Propyl and O,O-Di-Isopropyl Groups
Containing Isomers
The five isomeric pairs which differ in their structure
having O,O-di-n-propyl in one isomer and O,O-di-
isopropyl in another isomer are 2,3; 11,12; 15,16; 19,20;
and 23,24. The fragmentation pattern for major ions in
the O,O-di-n-propyl phosphoramidates is similar to
that of the corresponding O,O-di-isopropyl isomer (Fig-
ure 5). Though overall spectra of each isomeric pair look
ir GC retention times
)
Total
possible
isomers
Studied isomeric pairs
O-n-Pr
and
O-i-Pr
N,N-diethyl
and
N-i-Pr, N-Me
7 — — —
4 6 — (6, 8)
8
8
2
7 15 (2, 3) (10, 18)
5
4
2
8
7 28 (11, 12); (11, 19);
(12, 20)
8 (15, 16);
1 (19, 20)
6
4
2
5
6
6 10 (23, 24) (13, 21)
8
8
2
5
5 — — —
al 59 5 5d the
RT
(min
7.1
8.9
9.3
9.4
9.7
9.5
10.8
10.9
11.2
11.5
11.7
11.2
11.3
11.6
12.9
13.1
13.3
13.4
13.8
13.2
14.9
15.2
15.3
15.5
16.8
tot
554 REDDY ET AL. J Am Soc Mass Spectrom 2004, 15, 547–557similar, some of the fragment ions are found to be
diagnostic of O,O-di-n-propyl or O,O-di-isopropyl
groups. In these isomeric compounds, the -cleavage
ion and fragment ions due to subsequent alkene elimi-
nation are dominant in the spectra. In the isomeric
compounds 2 and 3, the fragmentation is centered
around O,O-di-alkyl part and hence, a large difference
in fragmentation due to n-propyl and iso-propyl can be
seen. The O,O-di-isopropyl containing Compound 3
shows dominant McLafferty rearrangement process
(m/z 167), whereas the isomeric O,O-di-n-propyl Com-
pound 2 undergoes [McLafferty  1] rearrangement
process (m/z 168). Similar trend is also observed in
subsequent alkene elimination from McLafferty or
[McLafferty  1] rearrangement ions, resulting in ions
at m/z 125 and 126, respectively. The ion at m/z 125 is
dominant in 3 and in the case of 2 the ion m/z 126 is
dominant. In addition, [M  C3H7]
 ion is also domi-
nant in 3.
In the case of other isomeric pairs (11,12; 15,16; 19,20;
and 23,24), having higher alkyl groups on nitrogen, the
fragmentation is influenced by the -cleavage and its
posterior ions being other fragment ions of less abun-
dance. The -cleavage ion is always found to be dom-
Figure 6. Daughter-ion spectra of the ion at m/z 236 from (a)
Compound 23, (b) Compound 24.inant in O,O-di-n-propyl isomer. The McLafferty rear-
rangemt ion is completely absent in the EI spectra of all
these isomers. The [McLafferty  1] rearrangement ion
(m/z 196) characteristic of O,O-di-n-propyl group is low
Scheme 7
Scheme 8
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their corresponding O,O-di-isopropyl isomer (12 and
16). The [M  C3H7]
 and [M  C3H7-C3H6]
 ions are
invariably dominant in O,O-di-isopropyl isomers
(12,16, and 20). The isomeric pair of 23 and 24 contains
n- and iso-propyl groups on the nitrogen and oxygen
and show resemblance in their EI spectra and CID
spectra of the molecular ions (spectra not shown). The
characteristic fragment ions due to n-propyl and iso-
propyl groups are negligible in the spectra. However,
the [M  C2H5-CH3CH2CHO]
 ion at m/z 178 and
further C3H6 loss from ion at m/z 178 resulting in the ion
at m/z 136 are prominent in 23. The observed difference
in the fragmentation is more prominent in the CID
spectra of the -cleavage ion, [M  C2H5]
 at m/z 236
from 23 and 24 (Figure 6). The [M C3H7-C3H6]
 ion at
m/z 180 is relatively abundant in the EI spectrum of 24.
N,N-Diethyl and N-Isopropyl N-Methyl Groups
Containing Isomers
The five isomeric pairs (6,8; 10,18; 11,19; 12,20; and
13,21) consisting N,N-diethyl group or N-isopropyl,
N-methyl group show resemblance in their EI mass
spectra and the EI mass spectra for 12 and 20 are given
Figure 7. Daughter-ion spectra of the ion at m/z 138 from (a)
Compound 12, (b) Compound 20.Figure 5 as an example. The spectral similarity due to
methyl radical elimination by -cleavage around nitro-
gen is common in both the isomers. However, clear-cut
difference in the low mass region of the spectra is
observed in all the compounds, except in 6 and 8. The
N,N-diethyl isomers (10–13) show specific fragment
ions at m/z 124 and 92, whereas the fragment ions at m/z
120 and 94 are diagnostic to N-isopropyl-N-methyl
isomers (18–21). The ions at m/z 124 and 92 prove to be
characteristic of N,N-diethyl group based on metastable
ion data as summarized in Scheme 7. The parent ion
spectrum of m/z 92 from 12 show the ion at m/z 138 and
120 as major precursors, and that of m/z 124 gives m/z
152 as the major parent (spectra not shown). Though the
fragmentation in 10–13 is initiated by the -cleavage
and centered on alkoxy groups, one of the ethyl groups
in the N,N-di-ethyl moiety is intact in the initial frag-
ment ions and lead to ions at m/z 124 and 92 by the
elimination of C2H4 from the respective parent. Simi-
larly, the predominant ion at m/z 120 in N-isopropyl-N-
methyl isomers (18–21) is due to preferential loss of
water from the ion at m/z 138, as the process of alkene
loss as found in N,N-dimethyl compounds is not pos-
Figure 8. (a) Daughter-ion spectrum of the ion at m/z 136 from
Compound 20, (b) parent ion spectrum of the ion at m/z 94 from
Compound 20.
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from the ion at m/z 138 in 18–21 is confirmed by the CID
spectra of the ion at m/z 138 of 12 and 20, and this
process is negligible in N,N-diethyl isomers (10–13)
(Figure 7). The formation of the ion at m/z 94 diagnostic
to N-isopropyl-N-methyl isomers is explained in
Scheme 8. The parent ion spectrum of the ion at m/z 94
from 20 clearly points out the ion at m/z 136 as the major
precursor, apart from other minor precursors at m/z 178
and 112 and the CID spectrum of the ion at m/z 136
(Figure 8) also supports this pathway.
The isomeric Compounds 6 and 8 do not show the
above characteristic peaks of N,N-diethyl and N-isopro-
pyl, N-methyl groups, because the alkyl groups at-
tached to oxygen are methyl groups. The - cleavage
process in both the isomers leads to the ion at m/z 166,
but the structure of this ion is proved to be different
from CID experiments (Figure 9). The removal of C2H4,
distinctive of ethyl group, is selectively found in the
dissociation of m/z 166 from 6, whereas the elimination
of CH3OH is characteristic for Compound 8 as depicted
in Scheme 5. In addition, expulsion of CH2O from m/z
166 via McLafferty type rearrangement is favorable in
Compound 6. Similar trend is observed in their respec-
tive EI mass spectra. Direct ·C H radical elimination
Figure 9. Daughter-ion spectra of the ion at m/z 166 from (a)
Compound 6, (b) Compound 8.2 5from molecular ion is only possible in 6, and the [M 
C2H5]
 ion is observed in the EI spectrum at m/z 152.
Conclusions
A series of O,O-dialkyl, N,N-dimethyl (Series 1), O,O-
dimethyl, N,N-dialkyl (Series 2) and O,O-dialkyl, N,N-
dialkyl phosphoramidates (Series 3), where alkyl 
methyl, ethyl, n-propyl, iso-propyl, and n-butyl, have
been studied extensively under GC/EIMS conditions.
The general fragmentation pattern arrived for these
compounds as supported by metastable ion data clearly
reveals that Series 1 and 2 compounds show distinctive
fragmentation pattern. The Series 3 compounds pro-
duce fragment ions of both Series 1 and 2 influenced by
the nature of alkyl groups attached to nitrogen/oxygen.
The simple cleavage of P™N bond is found to be more
favorable than that of P™O bond. The charge is retained
extensively on nitrogen containing fragment if the ox-
ygen had larger alkyl group ( methyl, Series 1 and 3),
or on both the fragments if oxygen contained the
methyl group (Series 2). In the case of Series 1 com-
pounds the fragmentation is mostly centered on O,O-
dialkyl part, leading to fragment ions corresponding to
[M  R], [M  OR], McLafferty, and [McLafferty 
1] rearrangement ions and subsequent alkene elimina-
tion from these fragment ions, depending on the size
and structure of alkyl groups linked to oxygen. If higher
alkyl groups ( CH3) are attached to nitrogen (Series 2
and 3), the fragmentation is initiated on nitrogen by
-cleavage process. Then the fragmentation propagates
by sequential alkene elimination if higher alkyl group is
either on oxygen (Series 3) or on nitrogen (Series 2). The
fragment ions resulting from the direct involvement of
O,O-dialkyl part are of less abundance. Expulsion of
OCnH2n moiety from -cleavage product ion by McLaf-
ferty type rearrangement is also observed in Series 2
and 3 compounds. From the general fragmentation
pattern observed for the studied compounds (1–25), it is
very easy to assign the structure for each compound
due to characteristic fragmentation influenced not only
by the size and structure of alkyl groups but also by the
site of attachment of alkyl group. Similarly, even the
isomeric compounds could be easily differentiated, as
the EIMS of one isomer is distinctive to another isomer.
However, the isomers that differ by the presence of
n-propyl or isopropyl on oxygen and due to N,N-dietyl
or N-isopropyl, N-methyl on nitrogen typically show
resemblance in their EI spectra. But, it is clearly shown
that these isomers could be distinguished unambigu-
ously after careful analysis of the characteristic ions of
low abundance and the fragment ions at low mass
region in their respective EIMS.
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